In order to investigate the influence of vanadium microalloying on deformation-induced pearlite transformation (DIPT) of eutectoid steel, thermomechanical simulation tests were carried out in this study. The following four compositions of vanadium microalloying were applied in the tests: vanadium free in Steel A, vanadium content of 0.1 mass% in Steel B, vanadium content of 0.27 mass% in Steel C, and vanadium content of 0.1 mass% with the addition of 0.02 mass% N in Steel D. The dissolution of vanadium and precipitation of vanadium carbides, nitrides, or carbonitrides and the effect of vanadium microalloying on the fraction and morphology of deformation-induced pearlite for different magnitudes of strain were examined, and the mechanism of the effect was elucidated. The results revealed that DIPT could be significantly improved by vanadium microalloying with the addition of N but decreased and postponed without the addition of N because vanadium nitrides or carbonitrides were precipitated in austenite under a small strain and facilitated the nucleation of pearlite both along the boundary of austenite grain (AG pearlite) and intragranular (IG pearlite). Moreover, transformation kinetics of DIPT was fitted and compared. The results further revealed that the rate of DIPT in vanadium-microalloyed steel with the addition of N was twice as fast as that in the vanadium-free steel. In order to ensure the complete spheroidization of lamellar cementites in vanadium-microalloyed steel, a comparison of the morphology of cementites revealed that a greater magnitude of strain was required.
Introduction
High carbon steels with a fully pearlitic microstructure are widely applied in rail steels, spring steels, wire ropes, tire reinforcement, and high-strength bars because of their high strength, excellent wear resistance, and fatigue failure resistance [1] [2] [3] [4] . However, the applications of high carbon steels are limited in precision instruments, tools, and small parts because of their susceptibility to brittle behavior. In order to overcome this limitation, the lamellar pearlitic microstructure in hot rolled products should be converted to spheroidized cementite particles because high carbon steels present better machinability and ductility under spheroidized conditions. Thus, the spheroidization of cementite has been widely studied in the past. Generally, such spheroidization was developed by annealing and it could be accelerated by the process of cold working before annealing, thermomechanical processing, and using certain heat treatment procedures [5] [6] [7] [8] . More than a decade ago, researchers reported that the spheroidization time could be significantly reduced by the process of heavy deformation slightly below A 1 temperature and therefore dynamic spheroidizing (DSX) was realized. It is possible to produce a microstructure consisting of ferrite in the submicrometer range and nanoscale spheroidized cementite provided the thermomechanical parameters (temperature, strain rate, and applied strain) are optimized. The advantages of producing a ultrafine, spheroidized microstructure via the technology include a significant increase in strength, ductility, and fracture toughness without expensive alloying additions or complicated heat treatments [9] [10] [11] [12] . Generally, it was considered that the pearlite was dynamically induced during deformation and the induced pearlite spheroidized [13] [14] [15] [16] under sustained deformation, the whole process was referred to as deformation-induced pearlite transformation (DIPT). In recent years the influence of deformation parameters on DIPT was extensively investigated [17, 18] .
Vanadium microalloying is considered as one of the most common methods in precipitation hardening [19] [20] [21] because of the high solubility of vanadium at relatively low temperatures during austenitization processes and the high affinity of carbon and especially nitrogen [22, 23] . In addition to precipitation hardening, vanadium may facilitate the refining of the interlamellar spacing and the size of pearlite colonies [24, 25] and, thus, can further improve the comprehensive performance. However, the influence of vanadium microalloying on DIPT of high carbon steel has rarely been reported. As for deformation-induced ferrite transformation (DIFT) in low carbon steels, the relative results showed that the combination of DIFT and vanadium microalloying could further refine ferrite grains and DIFT was promoted by vanadium microalloying with the addition of nitrogen [26, 27] . The objective of this study is to examine the dissolution of vanadium and precipitation of vanadium carbides, nitrides or carbonitrides in eutectoid steel and to determine the effect of vanadium microalloying on DIPT such as the fraction and the morphology of deformation-induced pearlite for different magnitudes of strains, and to elucidate the mechanism of the effect.
Experimental Section
The compositions of the four steels that are applied in this study are listed in Table 1 . The steels were melted in an intermediate-frequency vacuum induction furnace. After the heating at 1100 • C for 2 h, ingots were rolled into plates with a thickness of 20 mm. The plate-shaped specimens were machined to cylinders with a diameter of 8 mm and a height of 12 mm for the thermomechanical simulation test, and THERMECMASTOR-Z dilatometry was used in the experiment.
The thermocouple was spot welded at the center of the sample around circumference surface. Induction heating and N 2 were used for heating and cooling the samples to the desired temperature. A thermocouple feedback system was used for monitoring the temperature of the samples. Before conducting the test, the chamber was evacuated with a vacuum of approximately 0.05 Pa in order to minimize surface oxidation and decarburization. First, THERMECMASTOR-Z dilatometry was used for measuring the starting transformation temperature Ar 1 at a cooling rate of 20 • C/s. Then, the specimens were heated up to 1150 • C and held for 5 min, cooled to 680 • C at a cooling rate of 20 • C/s and pressed with a strain rate of 0.01 s −1 in order to obtain the true strain values of 0.05-1.39, and finally cooled down to room temperature at a cooling rate of 50 • C/s in order to retain transformed microstructure, as shown in Figure 1 .
Optical microscopy (OLYMPUS, Tokyo, Japan) and scanning electron microscopy (SEM, FEI, Hillsboro, OR, USA) were used to observe the microstructures at the center of the deformed specimens. Image analysis was used to measure the quantity of pearlite and the grain size of deformation-induced microstructure. In addition, the electron back scattering diffraction (EBSD) was used to study the condition of the ferrite. The samples were electrolytically polished in a solution of perchloric acid and ethyl alcohol in the process of EBSD. The EBSD maps were scanned by using the Flamenco software with a step size of 0.3 µm and analyzed by using the HKL-Channel 5 software (Oxford, London, UK). Transmission electron microscopy (TEM, JOEL, Tokyo, Japan) was used to observe the evolution of microstructure at different strains and analyze the precipitated vanadium carbides, nitrides or carbonitrides. Slices for TEM were cut from the thermal simulation samples, and were subsequently ground to less than 70 µm and punched into 3 mm discs. Thin foils for TEM observation were prepared by twin-jet polishing with an electrolyte solution consisting of 6% perchloric acid and 94% ethyl alcohol below −30 • C. Moreover, the carbon film extraction replica of TEM samples were also prepared. The TEM observation was carried out by using a JEM-2100 field emission high-resolution transmission electron microscopy (HRTEM) with an operating voltage of 200 kV. The components of the precipitated phase were characterized by EDS. observation were prepared by twin-jet polishing with an electrolyte solution consisting of 6% perchloric acid and 94% ethyl alcohol below −30 °C. Moreover, the carbon film extraction replica of TEM samples were also prepared. The TEM observation was carried out by using a JEM-2100 field emission high-resolution transmission electron microscopy (HRTEM) with an operating voltage of 200 kV. The components of the precipitated phase were characterized by EDS. 
Results and Discussion

Theoretical Calculation of Vanadium Solubility and Ar1 Temperatures
The equilibrium dissolved amounts of V ([V]) and C ([C]) in austenite for V-bearing steels can be calculated by the following equation [28] :
Where [V]is the amount (in mass%) of vanadium dissolved in austenite in equilibrium at the given temperature and [C] is the C content (in mass%) in the steel; [V] × [C] is the vanadium and carbon solubility (in mass%) in austenite; and T is the temperature.
At an austenization temperature of 1150 °C (1423 K), the equilibrium-dissolved vanadium quantity can be calculated by Equation (1), which is found to be 1.38% (C content of 0.8 mass%). The contained vanadium was completely dissolved into austenite in Steels B and C.
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At an austenization temperature of 1150 • C (1423 K), the equilibrium-dissolved vanadium quantity can be calculated by Equation (1), which is found to be 1.38% (C content of 0.8 mass%). The contained vanadium was completely dissolved into austenite in Steels B and C.
In Steel D with the addition of N, the equilibrium-dissolved amounts of V ([V]) and N ([N]) in austenite can be calculated by the following equation [28] : solubility (in mass%) in austenite; and T is the temperature. At an austenization temperature of 1150 • C (1423 K), the equilibrium-dissolved vanadium quantity can be calculated by Equation (2), which is found to be 0.16% (N content of 0.02 mass%). The contained vanadium was completely dissolved into austenite in Steel D.
At a cooling rate of 20 • C/s, the starting transformation temperatures, Ar 1 , of Steel A, Steel B, and Steel D were found to be 610, 600, and 598 • C, respectively. The thermal expansion due to the transformation from austenite to ferrite + cementite of Steel C was not detected because the cooling rate exceeded critical cooling rate of forming martensite and the transformation from austenite to ferrite + cementite did not occur. In Steels B, C, and D, the dissolved vanadium had not enough time to precipitate during cooling between 1150 • C and 680 • C at a cooling rate of 20 • C/s. Thus, the pearlite transformation was postponed and restrained at the dissolved vanadium content of 0.1 and especially 0.27 (in mass%), respectively. As the solid solution of vanadium increases the diffusion activation energy of C atoms and improves the stability of austenite [27] . It was observed that N showed little effect on the Ar 1 temperature.
Precipitation of Vanadium Carbides, Nitrides, or Carbonitrides
In Steels B, C, and D, the contained vanadium was dissolved into austenite at an austenization temperature of 1150 • C and did not precipitate at cooling to 680 • C at a high cooling rate of 20 • C/s. The equilibrium-dissolved amounts of vanadium in austenite without the addition of N at 680 • C can be calculated from Equation (1), which is found to be 0.0007%. In Steels B and C, the contained vanadium thermodynamically ought to precipitate. However, the precipitation of vanadium carbides is a diffusion-controlled process, which has an induction period [29] . Precipitates were not observed at strains of 0.22 and 0.51. With the increase of strain to above 0.51, most of the austenite transformed to ferrite + cementite (the transformation will be discussed later), the solubility of vanadium and carbon in ferrite is significantly lower as compared to in austenite [28] , thus, vanadium carbides were formed in ferrite at strains of 0.91 and 1.39 in Steels B and C, the TEM observation of Steel C is shown in Figure 2 .
With the addition of N, the equilibrium-dissolved vanadium in austenite at 680 • C was decreased to 0.0001% as calculated by Equation (2) (N content of 0.02 mass%), thus the driving force for precipitation of vanadium nitrides is higher than that of vanadium carbides. Precipitates were observed under a small deformation with a strain of 0.05 in Steel D. Figure 3 shows fine particles in ferrite revealed by means of EDS in a carbon replica of the sample, the EDS gives a hint that the precipitates are either vanadium carbonitrides or vanadium nitrides or their mixture. It cannot be clearly identified, in which form they are because the sample is a carbon replica. There is a scientific evidence to suggest that vanadium nitrides or carbonitrides were precipitated first in austenite because the precipitates do not show morphology of interphase precipitation and Steel D exhibits different transformation behavior as compared to other V-bearing Steels. Vanadium might be precipitated first as almost pure nitrides, when the nitrogen is about to exhausted there is a gradual transition to form mixed carbonitrides around outside [30] . The precipitation of vanadium can be significantly improved by the addition of N because vanadium exhibits a higher affinity for nitrogen as compared to carbon. As the solubility of vanadium nitrides in austenite is lower than that of vanadium carbides, the driving force for precipitation of vanadium nitrides in austenite is significantly higher as compared to precipitation of vanadium carbides. Furthermore, precipitation of vanadium nitrides has an effect of inducing precipitation of vanadium carbonitrides or carbides by acting as nucleus and thus incubation time of precipitation shortens [31] . 
Fraction of Deformation-Induced Pearlite
The results of quantitative metallography measurement for deformation-induced pearlite in Steels A, B, C, and D for various amounts of strains with a strain rate of 0.01 s −1 and a deformation temperature of 680 °C are shown in Figure 4 . The fractions of deformation-induced pearlite increase with an increase in the strain in all the steels. The fraction in vanadium-microalloyed Steel B is lower as compared to that of vanadium-free Steel A at the same strain level when the strain is below 0.91, and the fraction further decrease with the content of vanadium in Steel C increase as compared to Steel B. Furthermore, the fraction of deformation-induced pearlite in Steel D with N is the highest among the four steels. For instance, when the strain is 0.22, the fractions of deformation-induced pearlite in Steels A, B, C, and D are 52%, 30.6%, 15.5%, and 89.05%, respectively. The morphology of the induced pearlite is shown in Figure 5 . The dark phase is pearlite and the bright phase is martensite, which was transformed from austenite at the cooling process after deformation. In Steel 
The results of quantitative metallography measurement for deformation-induced pearlite in Steels A, B, C, and D for various amounts of strains with a strain rate of 0.01 s −1 and a deformation temperature of 680 • C are shown in Figure 4 . The fractions of deformation-induced pearlite increase with an increase in the strain in all the steels. The fraction in vanadium-microalloyed Steel B is lower as compared to that of vanadium-free Steel A at the same strain level when the strain is below 0.91, and the fraction further decrease with the content of vanadium in Steel C increase as compared to Steel B. Furthermore, the fraction of deformation-induced pearlite in Steel D with N is the highest among the four steels. For instance, when the strain is 0.22, the fractions of deformation-induced pearlite in Steels A, B, C, and D are 52%, 30.6%, 15.5%, and 89.05%, respectively. The morphology of the induced pearlite is shown in Figure 5 . The dark phase is pearlite and the bright phase is martensite, which was transformed from austenite at the cooling process after deformation. In Steel A, pearlite nucleated along the boundary of austenite and grew toward inside, the boundary was nearly filled by pearlite, and some grains completely transformed to pearlite. On the other hand, pearlite occupied some part of the boundary of austenite in Steel B but nearly whole boundary in Steel C. However, the fraction of deformation-induced pearlite in Steel C was only one-half of that in Steel B because pearlite in Steel C grew more slowly and, thus, the fraction of pearlite was lower in spite of a higher rate of nucleation. Furthermore, most austenite transformed to pearlite and only a small amount of intragranular martensite remained in Steel D.
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A, pearlite nucleated along the boundary of austenite and grew toward inside, the boundary was nearly filled by pearlite, and some grains completely transformed to pearlite. On the other hand, pearlite occupied some part of the boundary of austenite in Steel B but nearly whole boundary in Steel C. However, the fraction of deformation-induced pearlite in Steel C was only one-half of that in Steel B because pearlite in Steel C grew more slowly and, thus, the fraction of pearlite was lower in spite of a higher rate of nucleation. Furthermore, most austenite transformed to pearlite and only a small amount of intragranular martensite remained in Steel D. According to the precipitation of vanadium discussed above, the dissolved vanadium did not precipitate until the strain attained 0.91 in Steels B and C, thus indicating that the pearlite transformation was postponed and restrained by the dissolved vanadium in the steels when the A, pearlite nucleated along the boundary of austenite and grew toward inside, the boundary was nearly filled by pearlite, and some grains completely transformed to pearlite. On the other hand, pearlite occupied some part of the boundary of austenite in Steel B but nearly whole boundary in Steel C. However, the fraction of deformation-induced pearlite in Steel C was only one-half of that in Steel B because pearlite in Steel C grew more slowly and, thus, the fraction of pearlite was lower in spite of a higher rate of nucleation. Furthermore, most austenite transformed to pearlite and only a small amount of intragranular martensite remained in Steel D. According to the precipitation of vanadium discussed above, the dissolved vanadium did not precipitate until the strain attained 0.91 in Steels B and C, thus indicating that the pearlite transformation was postponed and restrained by the dissolved vanadium in the steels when the According to the precipitation of vanadium discussed above, the dissolved vanadium did not precipitate until the strain attained 0.91 in Steels B and C, thus indicating that the pearlite transformation was postponed and restrained by the dissolved vanadium in the steels when the amount of strain was below 0.91. However, in Steel D with the addition of N, the dissolved vanadium precipitated when the amount of strain was only 0.05, thus indicating that the retardation was eliminated. Furthermore, the formation of ferrite was improved by the precipitation of vanadium nitrides or carbonitrides as vanadium nitrides or carbonitrides could act as the nucleus of ferrite [20] . When carbonitrides were precipitated, carbon-poor areas would appear because of carbon consumption by carbonitrides and further lead to formation of ferrite [32] . The morphology of deformation-induced pearlite at a strain of 0.05 in Steels A and D is shown in Figure 6 . It shows that proeutectoid ferrite occupy the boundary of austenite grain in Steel D. However, only a small amount of proeutectoid ferrite distribute at the boundary of austenite grain in Steel A, as shown in Figure 6a ,b. The formation of ferrite resulted in the appearance of carbon-rich areas, thus leading to the nucleation of pearlite. Pearlite nucleated and grew up along the boundary of proeutectoid ferrite, thus leading to a higher fraction of deformation-induced pearlite in Steel D as compared to that in Steel A. In addition to the promotion of pearlite along the boundary of austenite grain (AG pearlite), the precipitation of vanadium nitrides or carbonitrides also facilitated the formation of intragranular pearlite (IG pearlite). As shown in Figure 6c ,d, pearlite is only distributed along the austenite grain boundary in Steel A but both along and inside the grain in Steel D because the precipitation of nitrides or carbonitrides facilitated the formation of pearlitic ferrite inside the grain and the nucleation of intragranular pearlite (IG pearlite) was improved. As discussed in Section 3.2, if vanadium nitrides or carbonitrides were not precipitated in austenite, the rate of DIPT in Steel D would not be so faster than other V-bearing Steels B and C.
As for Steel C, dissolved vanadium promoted a film of ferrite along the prior austenite grain boundary because vanadium should lower the composition of the eutectoid point [33] and thus the nucleation of pearlite was improved, as shown in Figure 7 , ferrite and pearlite are observed along the whole boundary of austenite. However, the growth of pearlite was restrained by dragging of the dissolved vanadium [32] , as a result, less pearlite was formed. According to the kinetic of DIPT, the relationship between the fraction of deformation-induced pearlite (f ) and the time of deformation (t) is expressed as follows [34] :
where B and n are the parameters at a certain deformation temperature and steady stress. The fractions of deformation-induced pearlite in Figure 4 were used for the fitted kinetics of DIPT in Steels A and D.
As shown in Figure 8 , the end points of the austenite to pearlite transformation of Steels D and A are 36 s and 75 s, respectively, which indicates that the critical strain to ensure complete transformation of pearlite at a strain rate of 0.01 s −1 are 0.36 and 0.75, respectively. The rate of DIPT in Steel D was twice as fast as that in Steel A. 
Misorientation Angle and Grain Size of Ferrite
As shown in Figure 9 , the following processes would take place in the deformation-induced pearlite with the increase in strain: the dissolution and spheroidization of cementite, the recovery and recrystallization of ferrite, and the precipitation of finer cementite particle inside ferrite grains [35] . At a strain of 0.22, pearlite presented the morphology of lamella; when the strain was increased to 0.51, lamellar cementites were extruded to bent or broken-up under stress; as the strain achieved a value of 0.91, the broken-up cementites were spheroidized; and when the strain was increased to 1.39, the recrystallization of ferrites (both proeutectoid ferrite and pearlitic ferrite) and the precipitation of finer cementite particles inside ferrite grains were observed. After recrystallization, the low-angle ferrite grains (0-15 • ) flattened by deformation transformed to high-angle (>15 • ) and equiaxial ferrite grains. The possible procedures are the accumulation of dislocations at the subgrain boundaries [36] , the increase of misorientation angle by the merging of lower angle boundaries during subgrain coalescence [37, 38] , and the growth of subgrain with the migration of low-angle boundaries through dislocation motion [39, 40] . However, a fine dispersion of cementite particles was present in the microstructure as a result of the lamellae spheroidization. These particles lead to a high dragging force for the migration of high-angle grain boundaries because of the Zener pinning of the boundaries and, thus, the recrystallization and coarsening of ferrite were restrained [34] . Figure 10 shows the misorientation angles of ferrites at a strain of 1.39 in Steels A, B, C, and D, whereas Figure 11 shows the distribution of the misorientation angles. Steel D and Steel C show the maximum and minimum fraction of recrystallized ferrite, respectively, with a high angle (>15 • ). This result is consistent with the transformation rate of deformation-induced pearlite. The earlier the transformation will finish, the more will be the recrystallization of the formed microstructure, and thus the more uniform microstructure will be obtained, as shown in Figure 12 . Steel D shows the most uniform ferrite grains, the average diameter of high-angle grains is 0.92 µm, on the other hand, diameter of ferrite grains in Steel A and especially in Steel C varies greatly and the average diameters of high-angle grains are 0.86 µm and 0.65 µm, respectively. Although vanadium lowered the diffusion coefficient of carbon atoms and precipitations retarded movement of dislocation [40] , the rapid transformation offered more time for the low-angle ferrite to recrystallize and coarsen. However, the fact that Steel B exhibits a higher fraction of recrystallized ferrite as compared to Steel A is not consistent with the rule as transformation in Steel B finished later, that reason may be further studied. 
Spheroidization of Cementites
Spheroidization of lamellar cementites can be accelerated under deformation. In the process of deformation, lamellar cementites were first cut perpendicular to the cementite by dislocations [41] ; as a result, numerous lamellae with small radii were formed, as shown in Figure 13a . The equilibrium carbon concentration in ferrite in the vicinity of the lamella with a small curvature radius is higher as compared to that of a large curvature radius [25, 42] . The local difference between the equilibrium carbon concentrations improved the dissolution of lamellae. Furthermore, in the case of spheroidization, the rate controlling step is the diffusion of C [43, 44] , an excess of accumulated dislocations via movement and vacancies near lamellae kinks formed during the deformation will 
Spheroidization of lamellar cementites can be accelerated under deformation. In the process of deformation, lamellar cementites were first cut perpendicular to the cementite by dislocations [41] ; as a result, numerous lamellae with small radii were formed, as shown in Figure 13a . The equilibrium carbon concentration in ferrite in the vicinity of the lamella with a small curvature radius is higher as compared to that of a large curvature radius [25, 42] . The local difference between the equilibrium carbon concentrations improved the dissolution of lamellae. Furthermore, in the case of spheroidization, the rate controlling step is the diffusion of C [43, 44] , an excess of accumulated dislocations via movement and vacancies near lamellae kinks formed during the deformation will promote carbon diffusion [42] , thus spheroidization of lamellar cementites was accelerated [40] . As shown in Figure 13b , the cementites dissolve near accumulated dislocation nets. However, dispersed vanadium carbides, nitrides or carbonitrides provided a large number of obstacles for the movement and accumulation of dislocation because vanadium carbides, nitrides, or carbonitrides exerted pinning force on dislocations. As shown in Figure 14 , dislocations are pinned by fine dispersed carbonitrides and randomly distributed. The acceleration of carbon diffusion owing to the accumulated dislocations under the action of deformation was weakened by pinning of vanadium carbides, nitrides, or carbonitrides. Moreover, the diffusion rate of carbon was reduced because of the utilization of carbon by precipitates and the dragging of dissolved vanadium [45] . Figure 15 shows the morphology of cementites at a strain of 0.91 in Steels A, B, C, and D. Cementites in Steel A showed almost completely spheroidized. However, there were still a large proportion of unspheroidized cementites in Steels B, C, and D. As a result, a greater amount of strain was required to ensure the complete spheroidization of lamellar cementites. When the strain attained a value of 1.39, the lamellar cementites were completely spheroidized in Steels B, C, and D, as shown in Figure 16 .
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Conclusion
(1) Vanadium in Steels B, C, and D was completely dissolved in austenite at an austenization temperature of 1150 °C. The pearlite transformation at a cooling rate of 20 °C/s was postponed and restrained at the dissolved vanadium content of 0.1 mass% in Steels B and D, especially at 0.27 wt% in Steel C. During the deformation, vanadium carbides in Steels B and C were precipitated in ferrite when the strain value was 0.91. However, vanadium nitrides or carbonitrides in Steel D were precipitated in austenite under a small deformation with a strain of 0.05 as vanadium has a higher affinity for nitrogen as compared to carbon, and the precipitation of vanadium can significantly be improved by the addition of N. (2) The fraction of deformation-induced pearlite increased with the increase of strain in all the steels, and the fractions in vanadium-microalloyed Steels B and C were lower as compared to that in vanadium-free Steel A at the same strain level before the contained vanadium began to precipitate because the dissolved vanadium postponed and restrained DIPT. 
Conclusions
(1) Vanadium in Steels B, C, and D was completely dissolved in austenite at an austenization temperature of 1150 • C. The pearlite transformation at a cooling rate of 20 • C/s was postponed and restrained at the dissolved vanadium content of 0.1 mass% in Steels B and D, especially at 0.27 wt% in Steel C. During the deformation, vanadium carbides in Steels B and C were precipitated in ferrite when the strain value was 0.91. However, vanadium nitrides or carbonitrides in Steel D were precipitated in austenite under a small deformation with a strain of 0.05 as vanadium has a higher affinity for nitrogen as compared to carbon, and the precipitation of vanadium can significantly be improved by the addition of N. (2) The fraction of deformation-induced pearlite increased with the increase of strain in all the steels, and the fractions in vanadium-microalloyed Steels B and C were lower as compared to that in vanadium-free Steel A at the same strain level before the contained vanadium began to precipitate because the dissolved vanadium postponed and restrained DIPT. (3) The fraction of deformation-induced pearlite in Steel D was higher as compared to that in Steel A because the precipitation of vanadium nitrides or carbonitrides facilitated the formation of proeutectoid ferrite along the boundary of austenite grain and pearlitic ferrite inside the grain by acting as a nucleus. Thus, the nucleation of pearlite along the boundary of austenite grain (AG pearlite) and intragranular pearlite (IG pearlite) was improved because of carbon gathering due to the formation of ferrite. (4) The spheroidization speed of cementites in Steels B, C, and D with vanadium microalloying was slower as compared to that in Steel A because vanadium carbides, nitrides, or carbonitrides and dissolved vanadium reduced the diffusion rate of carbon. (5) Steel D microalloyed with vanadium and with the addition of N showed the optimal microstructure with the maximum fraction of the recrystallized ferrite and the most uniform ferrite grain size and completely spheroidized cementites when the strain attained a value of 1.39, the reason is because the rate of pearlite transformation in Steel D was the fastest and the "pancake" ferrite took more time to recrystallize.
